We present a nano-optomechanical system consisting of a 25-fg doubly-clamped nanomechanical resonator embedded in an engineered high-Q (Q o~1 0,000) defect nanocavity supported by two-dimensional photonic crystal. Optically transduced flexural nanomechanical motion is demonstrated at 1 GHz.
Introduction
Ultrasmall-mass optomechanical systems are particularly desirable because they inherently operate at ultrahigh frequency of the fundamental mechanical mode, which has the advantage for developing high-speed sensors with ultimate sensitivity [1] . In analogy to cavity quantum electrodynamics (cQED) where objects (e.g., atoms or ions) in a high-Q cavity are studied, here we implement the first realization of the idea of a "nanobeam-in-cavity," by embedding a doubly-clamped nanomechanical beam in a two-dimensional (2D) photonic crystal (PhC) nanocavity. The use of 2D PhCs improves the power handling capabilities compared to the 1D PhC nanocavities. The simplest approach to realize nanobeam-in-cavity would be directly enclosing a tiny nanomechanical resonator within the well-established PhC L3 cavity. However, due to the strong perturbation to the cavity mode by the embedded nanobeams, the PhC nanocavity had to be thoroughly redesigned and engineered to ensure maximum confinement of the cavity mode. Careful optimization of the cavity mode results in a high loaded experimental optical Q of 10,000. Thanks to the well-defined geometry and ultrasmall mass (~25 fg) of the nanomechanical resonator, optical transduction of the nanobeams' fundamental mechanical flexural mode around 1 GHz was performed. The roomtemperature mechanical Q was measured to be 1230 in vacuum and 580 in air.
In the demonstrated devices, the mechanical modal volume is less than 1/7 of the optical cavity modal volume. Similar to cQED systems, this novel configuration opens the way for a new category of "NEMS-in-cavity" devices where both mechanical and optical modal volumes are well below (λ 0 ) 3 . Further enhancement of the optical and mechanical Q will also make such devices highly useful in cavity nano-optomechanics.
Design and simulation of "nanobeam-in-cavity"
Various approaches could be applied to obtain high-Q two-dimensional Si nanocavities [2] . A variant of an L3 cavity is adopted in our design because it naturally fits in our "nanobeam-in-cavity" concept for beams of submicron length. As shown in Fig. 1a and b, we create the nanomechanical double-beam resonator by placing inside a L3 cavity three parallel slots of length L beam , separated by a width W beam . To obtain a frequency around 1 GHz from the beams' fundamental flexural mode, the beam parameters were chosen to be L beam = 785 nm, W beam = 80 nm or 90 nm, and the respective W slot = 60 or 53 nm.
The inclusion of a nanomechanical resonator reduces the effective index of the original L3 cavity. To counteract this effect, we increase the width of the cavity row by a factor of 1.35. Figure 1c shows the PhC band structure of a W1.35 waveguide with the three embedded slots (extended infinitely in x direction), where the lattice constant a = 430 nm, hole radius r = 0.279a = 120 nm, thickness t = 220 nm, slot width W slot = 60 nm, and beam width W beam = 80 nm. A single band is present at the middle of the bandgap, with the mode concentrated mostly inside the slots, ensuring good transverse modal confinement. Next we optimize the PhC nanocavity with slots of the prescribed length L beam . The holes to the sides of the slots in the cavity row are enlarged to maintain a similar filling ratio of the other part of the PhC membrane, and the positions of ten holes surrounding the cavity are adjusted (see Fig. 1a ). With 3D FDTD simulations, the optimized mode has a resonance wavelength λ 0 = 1541.7 nm, a theoretical quality factor Q = 19,500, and a modal volume V o = 0.022 (λ 0 ) 3 . Its electric field component E y is shown in Fig. 1d . The above structure was then imported into COMSOL to accurately simulate the mechanical modes. Two modes pertaining to the double beams' fundamental flexural mode were found. The differential mode (Fig. 1e ) with frequency Ω m /2π = 964.9 MHz and effective mass 25.6 fg has a strong optomechanical coupling g om /2π = 10.8 GHz/nm, while the common mode ( Fig. 1f ) with frequency Ω m /2π = 976.0 MHz and effective mass 29.5 fg has a weak optomechanical coupling g om /2π = 0.31 GHz/nm.
Fabrication and measurements
The optimized devices were fabricated from standard SOI substrates (220-nm Si on 3-μm buried oxide). The entire structure was defined by e-beam lithography and etched with Cl 2 -based plasma dry etching. The PhC membrane was then released from the substrate by photolithography and subsequent BOE wet etching. The PhC cavity is accessed via on-chip integrated grating couplers, strip waveguides, and PhC waveguides. The distance between the PhC waveguide and the PhC cavity is reliably controlled by lithographical patterning to ensure the critical coupling condition is satisfied.
We characterized the devices optically. Figure 2a shows a typical transmission spectrum displaying a single optical resonance at 1548.49 nm with a loaded optical Q of 10,000. The normalized on-resonance transmission is 1.23×10 −3 , which results from a 16 dB coupling loss from a pair of grating couplers and another 13 dB insertion loss consisting of the modal mismatch loss at the joints of strip to PhC waveguide, the propagation loss inside the PhC waveguide, and the tunneling loss between the PhC waveguide and the PhC cavity. The double beams' mechanical modes were measured by setting the laser wavelength at the maximum slope of the optical resonance and recording the noise spectrum of the optical transmission. The laser intensity was kept low enough so that optomechanical amplification or damping from dynamic backaction is negligible [3] . Figure 2b and c show the power spectra of a W beam = 80 nm device. A single mechanical mode at 903.6 MHz is observed in the entire spectrum range, which is considered to be the differential mode because of its dominantly stronger optomechanical coupling to the optical cavity mode. The common mode is not observed due to its weak coupling to the optical mode and also probably stronger mechanical damping compared to the differential mode. The measured mechanical Q is around 1230 in vacuum and 580 in air. A W beam = 90 nm device exhibits a single mechanical mode at frequency 1.081 GHz (not pictured). From the spectra in Fig. 2c , a displacement sensitivity of 0.94 fm/Hz 1/2 is found in our measurements. 
